Palladium supported on carbon nanoparticles has been obtained on a specially designed ceramic catalyst, obtained by thermal spraying on a copper substrate, starting from Pd/C targets. Solar physical vapor deposition in argon, an environment-friendly and energy-efficient alternative to arc or chemical vapor deposition, has been employed as a means of target vaporization at CNRS-PROMES facility in Odeillo, France. e obtained nanoparticles have a spherical-porous morphology with diameters ranging from 50 to 120 nm and specific sorption areas of 50,000 m 2 /g. e XRD diffractograms indicate the presence of dominatingly crystalline short-range ordered graphene oxide layers, in contrast with the amorphous Pd/C starting precursor. e presence of palladium (0.6% wt.) at the surface of the nanoparticles was proved by the EDX and XRD analyses, making the synthesized material useful in applications such as catalysis or gas sorption.
Introduction
e optimization of industrially important technological processes and the devising of greener and cost-efficient methods have led to an increase in the search for alternative energy sources and better materials in the last decade [1] . Palladium is one of the most widely used metal catalysts in the chemical industry. It is often used as a support for hydrogenation reactions [1, 2] , as a catalyst for oxidation [3] or disproportionation reactions [4] , as an electrocatalyst for fuel cells [5] , for gas sorption purposes [6] , and so forth. Its efficiency is enhanced when dispersed on a substrate with an increased surface area, among which carbon-based supports are the most widely employed [7] . To further increase the specific surface area in catalysis reactions, various nanoscale carbonaceous-shaped supports have been recently employed as substrates for palladium, among which could be noted carbon nanoparticles [8] , nanofibers [9] , hollow nanospheres [10] , or nanotubes [1, 11] . Usually, a three-step "wet" synthesis of nanoscale carbon-supported Pd is employed [1, [9] [10] [11] . Firstly, the nanomaterial is obtained by chemical vapor deposition, arc deposition, or physical vapor deposition, onto which Pd 2+ ions (as such, or as complexes) are adsorbed, followed by the chemical or electrochemical reduction of Pd 2+ to metallic Pd [11] . e use of potentially harmful volatile organic compounds, such as aldehydes or volatile solvents, and the tedious separation of the resulted material from the liquid phase as well as its purification (from the surfactants, oxidized reducing agents) represent an impediment in industrial application of nanoscale supported Pd. Various green processes used up to date involve the use of milder reducing agents or surfactants for Pd 2+ (plant extracts derived) [12, 13] but with reduced application potential at industrial scale. e aim of this paper is to obtain palladium supported on carbon nanoparticles in a one-step time-and economicefficient process, by using the solar physical vapor deposition (SPVD) technique, starting from a target of 10% Pd on active carbon. For nucleation and growth of palladium supported on carbon nanoparticles (Pd/NPs), a custom catalyst has been obtained by thermal spraying of an Al 2 O 3 -TiO 2 -hydroxyapatite mixture, which composition was perfected in our earlier studies [14] . e SPVD technique, employed in "heliotron" solar reactors through the infrastructure present at CNRS-PROMES facility in Odeillo-Font Romeu, France [15] , has been already used up to date to obtain metal oxide nanoparticles (TiO 2 polymorphs [16] , ZnO, ZrO 2 , or mixt oxides [17] ), and ceramic nanoparticles (titanates and zirconates) [18] . A limited amount of data is reported on carbonaceous nanomaterials' synthesis through SPVD [15, 19, 20] , and up to our knowledge no reports exist up to date concerning the synthesis of palladium-containing nanomaterials through this method.
e cost-efficiency of SPVD through using concentrated solar radiation, as well as through devising Pd-loaded nanoparticles with high surface area in a one-step synthesis approach, could lead to a more rapid implementation of nanoparticulated Pd/C in the chemical industry, thus aiding to create a more sustainable society and environment.
Materials and Methods

2.1.
Materials. Palladium 10 wt.% loading, supported on activated carbon (Sigma Aldrich), has been pelted by means of a hydraulic press in cylindrical targets (10 mm diameter and 3 mm thickness).
e catalyst for SPVD-assisted nanoparticle nucleation and growth has been obtained by flame spraying on pure copper (CastoDyn DS8000 oxy-acetylene thermal spray system) of a ceramic mixture comprised in Al 2 O 3 : TiO 2 : hydroxyapatite (HA) (57% : 38% : 5% wt.). e spraying gun-substrate distance was 200 mm, the copper support rotation speed was of 127 rpm, and the powder feed rate was 15 g/min. e custom catalyst composition has been optimized in our previous research [14] , to obtain a good adherence to the copper substrate and to enhance the formation of several mixed oxide phases such as CaCu 3 Ti 4 O 12 and titanates (CaTiO 3 ) which enhance the nanoparticles growth, as determined from the previous XRD analysis results of the catalyst surface [21] .
SPVD Process of Pd/NP Obtaining.
e experimental tests regarding the solar physical vapor deposition were carried out at CNRS-PROMES solar research facility, Font Romeu, France, using a 2 kW vertical solar furnace containing a spherical glass reactor. e spherical Pyrex "heliotron" glass reactor is formed mainly of two parts: (1) a water-cooled metallic support onto which the cylindrical-shaped thermal-sprayed catalyst support is clamped, placed at the top of the reactor and (2) a watercooled copper support for the Pd/C target, situated at the base of the glass reactor. Both pieces are hermetically clamped on the glass. On the superior part of the reactor could be found an inlet for inert gas admission and an outlet for the vacuum (6) (general overview of the whole reactor installation is presented in Figure 1(a) ).
Above the reactor, a parabolic mirror is placed, which concentrates the solar radiation on the Pd/C target (target vaporization could be observed in Figure 1 (b)), aiding in the formation of the gaseous ionic Pd and C plume which condenses on the colder part of the reactor (the water-cooled ceramic catalyst). Further details on the outlook and functioning of the installation could be found in other research, such as that described by Flamant et al. [15] , Apostol et al. [18] , and Stanciu et al. [21] .
e overall aspect of the catalyst after deposition of Pd/NP is illustrated in Figure 1 (c). e total reaction time (Pd/C target vaporization and NP nucleation and growth) has been 10 min, optimized during prior experimental trials [21] , considering the avoiding of catalyst "supersaturation" and carbon deposition on the glass walls of the reactor, occurring at reaction times longer than 10 minutes, which could cause the fracturing of the glass reactor. e pressure inside the reactor has been kept at 225 mmHg, and the argon flow rate was 0.35 L/min. ree experimental batches have been obtained for this experimental setup, and the NPs have been collected avoiding their contamination. For a single experiment, an overall efficiency of 7.5% has been reached, considering the operational parameters of the SPVD process. For lower reaction times, the amount of collected material was insufficient for performing the structural analysis, so it has been considered that 10 minutes reaction time was optimal for this experimental setup.
Pd/NP Characterization.
e overall scanning electron microscopy images of the catalyst surface and cross section after Pd/NP deposition and in-depth morphology of the Pd/NP collected from the catalyst surface have been attained with a Hitachi SU5000 field-emission scanning electron microscope after placement on a silicon wafer and gold sputtering (average thickness of gold film of 45 nm) and with a FEI/Philips EM 208 S transmission electron microscope (NPs deposited on a 300 mesh PELCO copper grid).
e elemental weight percent of the Pd/NPs has been determined through the energy-dispersive X-ray (EDX) spectroscopy of the SEM microscope, prior to gold sputtering.
e XRD diffractograms of the Pd/C target and of the obtained Pd supported on carbon nanoparticles were obtained with an Advanced D8 Discover Bruker diffractometer, at Cu-Kα1 �1.5406Å wavelength, 40 kW, 20 mA, scan speed of 2°/min, and 2θ range from 10 to 70°.
Results and Discussion
As it could be seen in Figures 1(b) and 2(a) , the deposition of carbonaceous nanomaterial on the ceramic catalyst has been reached. Due to differences in electron reflectivity of the materials, the Pd/NPs appear as white, aggregated deposits (Figure 2(b) ) unevenly distributed on the ceramic substrate catalyst. is uneven distribution on the catalyst surface could be due to differences in the surface Gibbs potential (ΔG) of the ceramic catalyst phases. Nucleation occurs on the phases with the highest ΔG values, as found in other research [22, 23] .
It could be seen from Figure 2 (b) that high-electron beam reflectivity areas (whiter areas) are located mainly on the palladium nanoparticle aggregates. Palladium metal presents high reflectivity for the electron beam. e crosssectional SEM micrographs of the as-deposited catalyst show an average thickness of the Pd/NP layer of 0.75 μm.
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e Pd/NP EDX analysis of the elemental content con rms the presence of palladium with a weight percent of 0.6, which reported that the amount of carbon in the sample is 2.4% wt. (Figure 3) . is lower amount of Pd on the surface of the SPVD-deposited material, comparing to the initial Pd loading in the activated carbon/Pd target, could be owed to the lower vaporization enthalpy of Pd (358 kJ/mol) [24] comparing to that of carbon to gaseous carbon species (452.69 kJ/mol) [25] . In this respect, the thermodynamically facilitated vaporization of palladium generates deposits on the surface of the catalyst, which are further covered by the condensing carbonaceous species.
As the complete elimination of oxygen from the installation could not be achieved in this setup, the vacuum could not be increased further due to safety reasons related to the glass reactor, and a mild oxidation of the material's surface has been noted, as con rmed also by the XRD data (the presence of graphene oxide, Figure 7 ). e presence of oxygen could increase the hydrophilic nature of the nanoparticles surface, which could be useful in some applications, such as catalysts for hydrogenation reactions (i.e., in the case of carbonyl compounds).
e determined oxygen content (42.5%) is comparable to other research [25] . e presence of Na, Mg, and Si on the surface of the nanoparticles could be due to impuri cation from the contact with the SPVD catalyst layer. No detectible amount of Ti and Al was recorded, although Ca and P (from hydroxyapatite) were present in a signi cant percent on the surface of the nanoparticles. 
Field-emission SEM (FE-SEM) micrographs of a catalyst region rich in NP deposits (Figure 4(a) ) reveal further insight into the morphology of the carbon nanoparticle-supported Pd. ese present an irregular spherical morphology, with diameters in the 50-120 nm range, like those of readily available commercial carbon nanoparticles [10] .
e employed synthesis duration (10 minutes) determines a multilayer disposition of the Pd/NPs on the surface of the catalyst (roughly 6-5 layer, taking into account the thickness of the deposited layer and of the NP diameter distribution), determining the upper layers of nanoparticle nucleation and growth on top of the previous ones. Due to this fact, in some areas, fusion of the Pd/NPs could be observed.
A FE-SEM micrograph of an individual Pd/NP is illustrated in Figure 4(b) . e NP presents a " ower-bud" like appearance, as is usually typical for hydrothermal synthesis of inorganic nanomaterials [26] or carbon nanoparticles obtained by thermolysis [27] .
e irregularities on the surface could be useful in catalytic applications, as they increase the active surface area of the nanoparticle. e BET nitrogen adsorption/desorption experiments indicate a pore average diameter of 5-10 nm, with an average BET surface area of 50,000 m 2 /g, and a pore volume density of 0.51 cm 3 /g (mass of NP samples taken into analysis was 0.080 g).
e spherical shape of the Pd/NPs is also con rmed by the TEM micrographs presented in Figure 5 . Di erences in electron transmission modes could be seen in the NPs, as deducted from the di erence in contrast to the TEM micrographs of the NPs.
is could be accounted for the presence of oxidized graphene sheets, which appears in Advances in Materials Science and Engineering a darker tone than the majority amorphous carbon matrix.
As it has been determined in other research, the presence of metallic ions (such as Ca
2+
) disrupts the fusion of gaseous carbonaceous species that form the graphene sheets [28] .
e deposited palladium ions and the ionic species from the catalyst surface in this case act as disruptors for the crystallization of graphene in overstacked plates, contributing to the formation of a bulk, dominatingly amorphous carbonaceous matrix (lighter tone seen in the TEM micrograph from Figure 5 ) with spherical overall shape, according also to the principle mechanism proposed in Figure 6 .
e XRD di ractograms of the obtained Pd/NPs and the Pd/C precursor target are presented in Figure 7 .
e XRD di ractogram of the Pd/NPs presents a broad peak centered at 9.77°(full width at half maximum, as per (1), β 0.0311 rad) usually found in graphene oxide [28] . Several other small di raction peaks show the presence of palladium, in both metallic (Pd (111), peak centered at 39.68° [29] , β 0.0157 rad) and oxide forms (PdO, peak centered at 35.04° [ 30] ). Comparing to the PdNPs, in the Pd/C target, the β value of the Pd (111) di raction peak is 0.0036 rad. e di ractogram of Pd/NPs shows also a dominatingly crystalline matrix, possibly due to the presence of graphene oxide and trace rutile TiO 2 impurities from the ceramic catalyst (peak centered at 29.02°), in contrast with the Pd/C precursor target, which is dominatingly amorphous (broad di raction peak at ∼25°, ascribed to (002) di raction plane of carbon [31] ). Since the EDX results did not show the presence of Ti on the surface of the NPs and the XRD di ractogram evidenced the presence of rutile, there is little support as far as this introductory study is concerned, for the formation of mixt intermetallic phases such as PdTi 2 . e formation of these phases, especially with TiO 2 as starting material, occurs at elevated temperatures (650 K and higher) [32] which are not reached on the catalyst surface since it is continuously water cooled.
e apparent crystallite sizes (L), for Pd, graphene oxide layers height and respective distance between layers for graphene oxide have been evaluated by the Scherrer equation (1), considering the full width at half maximum (β) of the representative di raction peak for each phase taken into consideration [28, 33] :
where the Warren shape constant K 0.9 for Pd and graphene layer height [33] , and 1.84 for graphene layer distance evaluation [28] , λ is the wavelength of the X-ray radiation, and θ is the Bragg angle of di raction. e apparent crystallite size for Pd (111) is 28.97 nm in the Pd/C target and 6.79 nm in the Pd/NPs. For the graphene oxide, considering the di raction peak at 9.77°, the average distance between graphene layers is 8.96 nm, indicating a short-range order in their stacking. Considering the C (10) di raction at ∼43°(β 0.004 rad) from the Pd/NP XRD spectrum, the average height of the graphene sheets is 24.82 nm, like other reported research [28] .
Conclusions
In this paper, 10% Pd loaded on active carbon has been used as precursor material for the "green" synthesis of palladium supported on carbon nanoparticles. Physical vapor deposition using concentrated solar energy source has been used as a means of precursor vaporization and decomposition. e optimized composition of the ceramic catalyst employed for nanoparticle nucleation and growth allowed the obtaining of spherical-shaped materials, with diameters in the 50-120 nm range, having high specific sorption area, namely, 50,000 m 2 /g, with a narrow pore distribution between 5 and 10 nm. e X-ray diffraction analysis has indicated that the obtained nanoparticles contain a highly ordered graphene layer configuration, intercalated with amorphous carbon regions, generated by the "destructuration" effect of the palladium ions.
e results of this research could prove useful in designing new types of catalyst materials. Further studies will be dedicated to the testing of the catalysis efficiency of the obtained nanoparticles and to the testing of their sorption efficiency for various gasses (hydrogen, carbon oxides, and olefins). As the challenge for improving the costeffectiveness of nanoscale catalysts, our approach in the synthesis of palladium supported on carbon could prove an economically viable alternative to other commercially available materials.
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